The microbial safety and stability of minimally processed foods are based on the application of combined preservative factors. Since microorganisms are able to develop adaptive networks to survive under conditions of stress, food safety may be affected, and therefore understanding of stress adaptive mechanisms plays a key role in designing safe food processing conditions. In the present study, the viability and the sublethal injury of Listeria monocytogenes exposed to moderate heat (55 ∘ C) and/or essential oil compounds (carvacrol and thymol, 0.3 mM) treatments were studied. Synergistic effects were obtained when combining mild heat (55 ∘ C) with one or both essential oil compounds, leading to inactivation kinetics values three to four times lower than when using heat alone. All the treatments applied caused some injury in the population. The injury levels ranged from around 20% of the surviving population under the mildest conditions to more than 99.99% under the most stringent conditions. Protein extracts of cells exposed to these treatments were analysed by two-dimensional gel electrophoresis. The results obtained revealed that stressed cells exhibited differential protein expression to control cells. The proteins upregulated under these stressing conditions were implicated, among other functions, in stress response, metabolism, and protein refolding.
Introduction
Listeria monocytogenes is a Gram-positive foodborne pathogen microorganism. This microorganism causes a disease called listeriosis, which has been associated with outbreaks by ingestion of milk, cheese, vegetables, salads, and meat [1, 2] . The pervasiveness of this microorganism is due, in part, to its ability to tolerate extreme environment conditions (high salt concentration, wide range of pH and temperature, and low water availability) [3] .
Food manufactures and consumers demand additivefree, fresher, and full tasting food products while maintaining high standards of microbiological safety. The use of natural antimicrobial systems for preservation of foods could accomplish this demand. Although essential oil components are used as flavourings in the food industry, nowadays they represent a highly interesting source of natural antimicrobials for food preservation due to their antimicrobial and antioxidative activity [4] . Carvacrol and thymol are natural phenolic compounds present in the essential oil fraction of Origanum and Thymus plants [5, 6] and have long been used in foods as flavour enhancers. Both compounds of essential oils (carvacrol and thymol) have been shown to exhibit antibacterial and antifungal activity including food pathogens [5] [6] [7] [8] [9] [10] . A synergistic effect of nisin, carvacrol, and thymol [9, 11] or thymol and cymene [7, 12] against vegetative cells of B. cereus has been observed. When a mild thermal treatment was applied prior to the growth in presence of antimicrobials, the sensitivity to antimicrobials was increased [8, 11] . Likewise, a synergistic effect of carvacrol and cymene [13] or nisin and carvacrol [14] to control growth and viability of Listeria monocytogenes has also been shown. Again, heat was able to increase L. monocytogenes sensitivity to antimicrobials [14] . The antimicrobial property of carvacrol and thymol has been attributed to the considerable effects on the structural and functional properties of cytoplasmatic membrane [15] . Cell membrane alterations caused by these compounds are able to induce sublethal injury.
As sublethal injury is supposed to be related to the higher sensitivity of survivors to stress conditions after treatment, the success of a combined treatment should be correlated with the degree of sublethal injury caused by the hurdles in the bacterial population [16] . Moreover, under suitable conditions, sublethal injured cells might be repaired, which is a very important aspect to be taken into account regarding food safety. A few cells being capable of repairing damage after moderate heat and essential oil compounds treatment could result in infective concentrations.
The microbial safety and stability of most minimally processed foods are based on application of combined preservative factors of which (mild) heating is the most common preservation technique in use these days. Bacteria have evolved adaptive networks to face the challenges of changing environments and to survive under conditions of stress [17] . When bacterial cells, grown at an optimal temperature, are shifted to a higher temperature a heat-shock response develops and heat resistance and the synthesis of a set of heatshock proteins (HSPs) are induced. Bacterial heat resistance is affected by a wide variety of genetic, physiological, and environmental factors. When microorganisms develop resistance to commonly used preservation methods, food quality and safety may be affected, and therefore understanding of stress adaptive mechanisms plays a key role in designing safe food processing conditions [18] .
So far, the combined effect of carvacrol, thymol, and mild heat treatments on the viability, sublethal injury, and the protein expression profile of L. monocytogenes cells is not well known. Therefore, in the present study, the viability and the sublethal injury of cells of L. monocytogenes CECT 4031 exposed to moderate heat and/or essential oils compounds (carvacrol and thymol) treatments were studied. Then, protein extracts of cells exposed to these treatments were analysed by two-dimensional gel electrophoresis (2D-electrophoresis) and 20 proteins were identified and their roles were discussed. ∘ C and carvacrol 0.3 mM and thymol 0.3 mM) during 30 min were carried out. Viable counts were analysed after 0, 5, 10, 15, 20, and 30 min of exposure. For all treatments three independent experiments were performed and samples (whose tenfold serial dilutions were prepared in buffered peptone water (Scharlau)) were plated, in duplicate, by the pour plate method on Tryptic Soy Agar (TSA, Scharlau) containing 0.6 g/100 g yeast extract (TSAYE). The plates were incubated for 24-48 h at 37 ∘ C. Survival curves were plotted as the logarithm of CFU/mL versus exposure time.
Materials and Methods

Bacterial Strains and Preparation of
Determination of Degree Injury: Enumeration of Viable and Injured Cells.
To determine the loss of viability caused by a treatment, untreated and treated cell suspensions were serially diluted and plated on the surface of an appropriate count medium. TSAYE was used as nonselective agar medium in the enumeration of viable L. monocytogenes. Sublethal injury of L. monocytogenes exposed to mild heat and/or essential oils compounds treatments was assessed by the difference between the counts on the nonselective agar medium (TSAYE) and the selective agar medium, TSAYE, supplemented with NaCl 5% (wt/vol) (Panreac, Spain) (TSAYE-SC). 5% was the maximum noninhibitory sodium chloride concentration for native cells previously determined for L. monocytogenes [19] . The plates were incubated for 24-48 h at 37 ∘ C. The data were presented as means of at least three independent experiments. Percent of injury was calculated for each tripled sample using the following equation [20] :
Modelling of Survival Curves. Survival curves of L.
monocytogenes after exposure to treatments (mild heat and/or essential oils compounds) were drawn by plotting the log of microorganisms against exposure time. These curves were fitted using the cumulative function of the Weibull distribution as proposed by Mafart et al. [21] to describe the inactivation of microorganisms in terms of decimal logarithms:
where is the treatment time, and 0 are the population densities at time and time zero, respectively, is the scale parameter (time to inactivate the first logarithmic cycle of microbial population), and is the shape parameter, which describes the behavior of the population: if < 1 an upward concavity is happening, if > 1 a downward concavity will be observed, and if = 1 the survival curve is linear.
Since all survival curves had the same tail-shape, a single value for all of them was used as proposed by Couvert et al. [22] .
Data were analyzed using Statgraphics Plus 5.1 software (Statistical Graphics Corp., Rockville, MD). One-way analysis of variance (ANOVA) for the parameters derived from the survival experiments was used to establish significant differences between the different treatments.
Effect of Mild Heat Treatment and/or Essential Oils
Compounds (Carvacrol and Thymol) on L. monocytogenes Protein Expression
Differential Proteome Analysis of L. monocytogenes
Cells. Total cellular protein extractions were performed as described by Wouters et al. [23] . For each sample, 10 mL of stationary phase cultures of L. monocytogenes STCC4031 (control), exposed to mild heat alone (55 ∘ C) and combined with essential oil compounds (55 ∘ C and carvacrol 0.3 mM and thymol 0.3 mM) during 30 min, was centrifuged at 4,000 rpm during 10 minutes. The pellets were resuspended in 1 mL of lysis buffer (urea 8 M, CHAPS 2% (w/v), protease inhibitor (Roche, Germany), and DTT 5 mM). Consecutively, cells were disrupted by bead beating with a MiniBead Beater cell homogenizer (Biospec Products, Bartlesville, OK) and zirconium beads (0.1 mm diameter; Biospec Products) six times for 1 min (with cooling on ice between treatments). The protein concentration in cell-free extracts was determined using the kit RC-DC protein assay (Bio-Rad). Samples of homogenate were stored at −80 ∘ C.
Two-Dimensional Gel
Electrophoresis. 2D-electrophoresis was performed, as described [24, 25] , using gradient Immobiline Dry Strips pH 4-7 (7 cm; Amersham Biosciences) for the first dimension (IEF). Proteins samples (20 g ) were carried to a 125 L dehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 0.5% IPG buffer (pH 4), 50 mM DTT, and bromophenol blue traces) and loaded onto the IPG strip. Isoelectric focusing was performed in IPGPhor-I (Amersham Biosciences) to reach 6500 Vh in total. After the separation, the first dimension strips were equilibrated twice with equilibration buffer (6 M urea, 50 mM Tris-HCl pH 8.8, 20% glycerol, and 2% SDS) in the presence of 1% DTT in the first equilibration and 4% iodoacetamide in the second one. SDS-PAGE in the second dimension was performed in 12% polyacrylamide home-casted gels. Gels were run in a MiniProtean System (Bio-Rad) until the tracking dye reached the bottom of the gel.
Gel Staining and Image Analysis.
After electrophoresis, the gels were stained with MALDI TOF compatible silver nitrate using a Plus One Silver Staining Kit (Amersham Biosciences), as described by Shevchenko et al. [26] . Gels were scanned with an ImageScanner II Desktop (Amersham Biosciences) and the image analysis of the gels was performed using PD Quest 8.0.1 software (Bio-Rad). Three gels were produced from independent cultures of each condition and representative image gels are shown. Induction factors for each induced protein were calculated as the ratio between the normalized value in "treated" gel and the normalized value in "control" gel. Protein spots displaying ≥2-fold change in abundance were chosen for analysis by mass spectrometry.
Protein Identification.
Spots were manually excised from stained gels and sent for the digestion, the analysis by MS/MS, and the database searching to the Proteomics Lab of the Centro Nacional de Biotecnología (CNB-CSIC, Madrid, Spain). The digestion protocol used was based on Shevchenko et al. [26] . The MS/MS analysis was carried out in a MALDI-TOF/TOF (4800 Plus MALDI-TOF/TOF Analyzer, Applied Biosystems). Measured tryptic peptide mass values were transferred using the MS Bio Tools (Bruker) for searching in the National Center for Biotechnology Information (NCBI) nonredundant database using Mascot software (http://www.matrixscience.com/; Matrix Science, London, UK) as search engine. The confidence interval for protein identification was set to ≥95% ( < 0.05) and only peptides with a minimum ion score of 79 were considered correctly identified.
Results and Discussion
Effect of Mild Heat Treatment and/or Essential Oil Compounds (Carvacrol and Thymol) on L. monocytogenes Cells
Viability. L. monocytogenes cells were sensitive to all treatments applied, either heat or antimicrobials, individually or combined (Table 1 ). All survival curves showed a tail-shape, so the use of classical lineal models, such as the Bigelow model, was not recommended, and the nonlinear Weibull model was used instead in order to fit the survival data. Since all the survival curves showed approximately the same shape, a single value ( = 0.41) was used to fit all the survival curves, as proposed by Couvert et al. [22] . Both thymol and carvacrol inactivated about one log cycle of the initial population of L. monocytogenes cells within the first 20 min of exposition, showing values of 15.58 and 12.79 min, respectively, when these antimicrobials were added to the treatment medium (Table 1 ). Figure 1(a) shows, as an example, the survival curve of L. monocytogenes exposed to 0.3 mM thymol.
When both antimicrobials were added together, approximately additive results were reached, since one log cycle was inactivated within the first 10 min of exposition and a value of 8.74 min was obtained (Table 1 and Figure 1(b) ).
Mild heat (55 ∘ C) was much more effective in inactivating L. monocytogenes cells, since a value of 0.80 min was obtained and 5 log cycles of inactivation were reached after 30 min of treatment ( Figure 1 and Table 1) .
Combinations of heat with either thymol or carvacrol led again to synergistic results with values of 0.25 min in both cases (Table 1) . Also the combination of all heat and thymol and carvacrol led to synergistic results with a value of 0.18 min and more than 8 log cycles' inactivation within 30 min (Figure 1(b) and Table 1 ).
When antimicrobials and heat are combined, synergistic results are usually obtained [27] [28] [29] [30] with heat resistance kinetics parameters being reduced down to three times [31] [32] [33] . In our case, values were reduced from 0.80 min when a thermal treatment at 55
∘ C was applied to 0.25 min when either thymol or carvacrol was added to the heating medium, which is within the average reductions. When both antimicrobials were added together to the heating medium, further reductions were obtained (0.18 min, i.e., more than four times).
Effect of Mild Heat Treatment and/or Essential Oils Compounds (Carvacrol and Thymol) on the Level of Injury.
All the treatments applied caused some injury in the population of L. monocytogenes cells, as assessed by growth of the survivors in presence of NaCl ( Figure 1 and Table 2 ). Injury levels ranged from very low when only thymol or carvacrol was applied for short exposition times (around 20% of the population was injured after 5 min exposition to thymol, Figure 1(a) ) to more than 99% of the population where more stringent conditions were applied (Table 2) . Heat caused more injury than antimicrobials when applied individually (Figure 1 ), since only 5 min at 55 ∘ C was sufficient to cause injury in more than 75% of the population (Table 2 ). Injured population increased as the thermal treatment proceeded. When heat and antimicrobials were combined, injured population was higher than 90% from the first moments of the treatment.
The synergistic effects of combined heat and antimicrobials have been explained in terms of inactivation of heat-injured cells when the antimicrobials are present in the heating medium [33] ; that is, heat causes injuries to different cell structures but is not able to inactivate these injured cells when applied alone. However, when combined, antimicrobials would help to inactivate these injured cells. In our case, the synergistic effects of combining heat and antimicrobials could also be explained as a consequence of the inactivation of heat-injured cells by antimicrobials, since the inactivation curve of L. monocytogenes exposed to a mild thermal treatment and recovered in presence of NaCl is very close to that of cells exposed to a combined heat-thymol treatment and plate counts even overlap after 30 minutes of exposure (Figure 1(a) ). Similar results were obtained when using carvacrol instead of thymol.
However, in our case, when heat was combined with antimicrobials additional injured population was shown, as evidenced by recovery in presence of NaCl of the survivors of this combined treatments (Table 2 and Figure 1) . Hence, even when antimicrobials could help to inactivate the population injured by heat, a new injured population appeared after the combined treatment.
Effect of Mild Heat Treatment and/or Essential Oils Compounds (Carvacrol and Thymol) on L. monocytogenes Protein Expression.
To gain an overview of the proteins induced upon mild heat treatment alone (55 ∘ C) and combined with essential oils compounds (55 ∘ C and carvacrol 0.3 mM and thymol 0.3 mM), 2D-electrophoresis was used. On gels containing cell-free extracts of control and treated/stressed L. monocytogenes cells, a total of approximately 200 spots could be detected (Figure 2) . Interestingly, comparative proteomic analysis between treated and untreated L. monocytogenes cells showed that 54 spots exhibited different induction levels of twofold or more at least in one of the treatments applied (Table 3 and Figure 2 ). 38 proteins were upregulated and 16 downregulated twofold or more at least in one of the stresses applied ( Table 3 ). The same 38 proteins were upregulated when any of the stress treatments were applied but showing different induction levels. The same happened with the 16 downregulated proteins. Surprisingly, although in our study the combined treatment (heat with both antimicrobial compounds) presented a higher antimicrobial effect on the viability of L. monocytogenes than heat alone, the combined treatment did not show, in general, a stronger protein response. Neither mild heat treatment alone nor mild heat treatment combined with essential oil compounds showed a specific trend in protein induction levels. Among the overexpressed protein spots, those upregulated more than twofold, after exposition either to 55 ∘ C or to 55 ∘ C and carvacrol 0.3 mM and thymol 0.3 mM, were excised from the gels and subjected to MALDI-TOF MS/MS analysis for the protein identification and determination of their biological functions. 20 proteins were successfully identified out of the whole set of overexpressed protein spots (Table 4) . Spots 18, 20, 28, 32, 34, 35, 37, 38, 41, 44 , and 45 were identified as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 3-bisphosphoglycerate-independent phosphoglycerate mutase, lactate dehydrogenase, triosephosphate isomerase, rod shape-determining protein MreB, PTS mannose transporter subunit IIAB, cysteine synthase, ATPdependent Clp protease proteolytic subunit, transcription elongation factor GreA, hypothetical protein lmo2511, and 50 ribosomal protein L10, respectively. Spot 24 yielded two different proteins that were identified as translation elongation factor Ts and molecular chaperone DnaK and spot 47 yielded another two proteins identified as hypothetical protein lmo1580 and universal stress protein. Likewise, spot 51 showed that it contains two different proteins: regulatory protein SpoVG and 50S ribosomal protein L7/L12. Finally, spot 53 contained three different proteins: cochaperonin GroES, major cold-shock protein homolog CspB, and 50S ribosomal protein L12. According to biological functions, the 20 identified proteins belong to different categories including mainly stress response (44, 47a, 47b , and 53b), metabolic processes and their regulation (18, 20, 28, 32, 35 , and 37), protein synthesis (24a, 41, 45, 51c, and 53c), protein folding (24b, 53a), and protease activity (38) ( Table 4) .
The results obtained in the current study revealed that L. monocytogenes CECT 4031 control cells exhibited differential protein expression to stressed cells. The proteins upregulated under these stressing conditions are implicated, among other functions, in stress response, metabolism, and protein refolding.
In bacterial cells heat causes damage to macromolecular cell components such as proteins and DNA. Carvacrol and thymol show the same mechanism of action due to their similar chemical structure. Both EOs seem to increase cytoplasmic membrane permeability [15] causing the destruction of the lipid bilayer in Gram-negative bacteria. As a consequence, there is an efflux of ions and ATP causing proton motive force dissipation and eventually cell death. To cope with these adverse conditions, response to heat stress involves protein chaperones, which assist in folding and assembly of heat damaged proteins [34] and proteases.
In our study, the treatment applied induced the overexpression in L. monocytogenes of the chaperone DnaK (spot 24b, Table 4 ), the cochaperonin GroES (spot 53a, Table 4 ), and ATP-dependent Clp protease subunit (spot 38, Table 4 ). Chaperone DnaK was also overexpressed when L. monocytogenes was exposed to other antimicrobial substances, such as nisin [35] or enterocin AS-48 [36] . These chaperones have been reported to be required in L. monocytogenes for tolerance to environmental stresses [37] and in the autolytic proteome [38] . Others studies also showed that some chaperones and proteases are heat-shock proteins (HSPs) expressed in response of Bacillus cereus and Bacillus weihenstephanensis to even moderated temperatures or other cellular stresses [39, 40] . Cell metabolism is essential for energy generation, DNA replication, and cell division. Overexpression of proteins involved in energy metabolism could be an attempt to compensate for partially impaired energy generation caused by stressing treatments interacting with the bacterial cytoplasmic membrane. In fact, our results showed that stress treatments induced the expression in L. monocytogenes of five proteins involved in metabolic processes, between two-and fourfold. Other authors found that proteins like glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and cysteine synthase were induced in the autolytic proteome of L. monocytogenes [38] and exposure to nisin [35] .
In our study, an overproduction of proteins of stress response, like the major cold-shock-protein CspB, was observed when treatments were applied. The same protein was reported to have been induced in B. cereus when exposed to stresses as heat and ethanol [40] . Interestingly, the MreB rod shape-determining protein and the regulatory protein SpoVG were also induced in our study and likewise were found in B. cereus exposed to moderate heat or ethanol [40] and in L. monocytogenes isolated from smoked mussels [41] .
The phenotypic and genotypic robustness of L. monocytogenes is of particular concern to the food industry as it has a variety of encoded proteins implicated in survival mechanisms to withstand environmental stressors such as heat, cold, salt, acidic pH, or antimicrobials [42, 43] . In addition, some of these stress responses can result in enhanced microbial survival, enhanced thermotolerance, and even cross protection against multiple stresses [39, 40, 44] .
Conclusions
Our results show that a combined treatment of moderate heat with antimicrobials (carvacrol and/or thymol) brings synergistic effects. Both heat and antimicrobials cause some degree of injury in the cells surviving moderate individual or combined treatments. Stress response in these injured cells involves overexpression of proteins implicated, among other functions, in stress response, metabolism, and protein refolding. This stress response could result in enhanced survival, compromising the safety of foods preserved by combined processes.
